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Reproducibility Studies and InterlaboratoryConcordance for Assays of

:iiiiiiiiil Serum Hormone Levels: Estrone, Estradiol, Estrone Sulfate, and
..........

Progesterone
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 iii!iii!i:

iiiii::ii:::::Mitchell H. Gail, 1 Thomas R. Fears, Robert N. Hoover, laboratory techniques and do not allow for secular
iiiiiii!i!i!Donald W. Chandler, Jennifer L. Donaldson, variation in intra-woman hormone levels. Moreover,
_iiiiiiii:Marianne B. Hyer, David Pen, Winifred V. Rieker, although these measurements tend to be reliable enough
:i::ii!iiiiii::ii:Pentti K. Siiteri, Frank Z. Stanczyk, Jimmie B. Vaught, for making comparisons among women, estimates of

ililiiiiiiili:and Regina G. Ziegler coefficients of variation for estrogens are about 10% for
iii!i!iiiililBiostatistics Branch [M. H. G., T. R. F., J. L. D.] and Environmental mid-follicular and mid-luteal phase women and about

_!::!i_i!::ii:Epidemiology Branch [R. N. H., P. K. S., R. G. Z.I, National Cancer Institute, 11-20% for postmenopausal women. Coefficients of
:_:A._:!:i:NE-I, Bethesda, Maryland 20892; Endocrine Sciences, Calabasas, California variation for progesterone are about 10% for mid-lnteal,
iiii!i!iiii: 91304 [D. W. C.]; Information Management Services, Rnckvillc, Maryland_:_:_:_:_:?_ 20% for mid-follicular, and 30% for postmenopausal
!:!:!:!:i:i:20852 [M. B. H., D. P,, W. V. R.]; Woman's and Children's Hospital, Los

iiii::iii::ii:Angeles. California 90033 [F. Z. S.] and Microbiological Associates, women.::.:+:.:

 ilii! M. land20=0,,=
:iiiii:iiiii Introduction
:i!iiiiilAbstract NCI2 has sponsored and is planning several field studies to
i::i!::ill evaluate associations between serum hormone levels and risks
_!:i!i! We conducted studies to measure sources of assay of various cancers, such as breast cancer, endometfial cancer,
i:ili!i::::variability for estrone, estradiol, estrone sulfate, and and prostate cancer. The success of such studies depends on the
!iiiiiii!:progesterone for postmenopausal women (n = 5) and for reproducibility and accuracy of hormone assays as performed
!!i!i!ii!women in the mid.follicular (n -- 5) and mid-luteal (n = by laboratories with the capacity to perform large numbers of
i!iiii!: 5) phases of the menstrual cycle. A single blood .sample tests.Concerns have been raised that the degree of variability in

_!::!iil from each woman was divided into 2.5-ml aliquots and assay results is so great as to degrade the power of studies to
iiiili::istored at -70°C, and sets of two aliquots were sent at detect associations between hormone levels and cancer risks (1,
iiii monthly intervals to each of three laboratories (four for
_ 2). For these reasons, the NCI has conducted a feasibility trial
iiiil progesterone). Each aliquot was analyzed in duplicate, to determine the reproducibility of assay results on the same

_ii Thus, within each menstrual category, we were able to
::_:_ estimate the components of variance due to variation day and across time in four laboratories with the potential to
::!i!: perform these assays for large-scale epidemiological surveys.
:i::i: among women, variation among aliquots, variation Epidemiological field studies may require that samples be an-

among duplicate measurements, and variation among the alyzed over a period of months or years. For example, samples
4 analysis days. Using the logarithm of assay may be mailed for analysis during the course of a long study,

_i measurements, we estimated the percentage of variance or limitations on laboratorycapacity may necessitate carrying
:: attributable to variation among women in each menstrual out analyses over a period of months. For this reason, we have
: category, 100 _5,where/3 is the estimated intraclass estimated assay variability over time using monthly measure-

_,: correlation. For each assay, 100 j5exceeded 90% for mid- ments over 3 months. The present report deals with the four
follicular and mid-luteal women. For postmenopansal hormones estrone, estradiol, estrone sulfate, and progesterone.
women, values of 100 i5 exceed 84% for estrone in two Because these hormones are influenced by menopausal

:: laboratories. Values of 100 _ were lower for progesterone status and by phase of the menstrual cycle (postmenopausal,
in postmenopausal women, although a value of 84% was mid-follicular phase, and mid-luteal phase), and becau_ some
estimated from one laboratory. These studies indicate epidemiological studies focus on women in a particular men-
that estrogen assays over a period of 3 months permit opausal status or menstrual phase, reproducibility data are pre-
reliable comparisons among women in a given menstrual sented separately within these three categories.

• category. Progesterone measurements are likewise
reliable for women in the mid-follicalar and mid-Intent
phases but somewhat less satisfactory for postmenopausal Materials and Methods
women. These assessments of variability pertain only to Collection and Distribution of Samples. Plasma for the hor-

mone assays was collected from 15 (I black and 14 white)
_: volunteers working at the NCI. Mid-follicular phase bloods

were collected 6-10 days after start of menses from five
Received1_1_95;revised4/".2/96;accepted 4/3/96. women with regular cycles (mean age, 40 years). Mid-luteal
The costs of publication of this article were defrayed in part by the payment of

; page charges. This article must therefore be hereby marked advertisement in
_i accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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Duplicates cific RIA (3--7). Estrone sulfate was measured by ethyl acetate:

Aliquots _ hexane extraction of uneonjugated estrone, overnight hydroly-

s_.._.._......_ ..... sis of the sulfate conjugate in the aqueous phase, ethyl acetate:Analysi hexane extraction of the hydrolyzed compound, and specific

/ ___/ RIA for estrone (7-10). Progesterone was measured by ethyl

_------_ acetate:hexane extraction and specific RIA (11-14). Sensitivity
of the assays reported by this laboratory was 2 pg/ml for
estradiol, 10pg/ml for estrone, 50 pg/ml for estrone sulfate, and

n__ _ 5 ng/dl for progesterone. This laboratory reported intra-assay

CVs for medium-range quality control pools of 6.2% for estra-
diol, 8.7% for estrone, 7.5% for estrone sulfate, and 8.8% for
progesterone. Interassay CVs were 7.5% for estradiol, 11% for

worTa estrone, 9.6% for estrone sulfate, and 10% for progesterone.Laboratory 2. Estradiol and estrone were measured by ethyl

__ _ acetate:hexane extraction, chromatography on Sephadex Lit-

20. and specific RIA using a modification of the procedure of
Wu mad Lundy (15). Estrone sulfate was measured by ethyl
acetate:hexane extraction of unconjugated estrone, followed by
overnight hydrolysis of the sulfate-conjugated compounds in
the aqueous phase. The resulting estrone was extracted with

N _- ethyl acetate:hexane, followed by chromatography on micro-Sephadex LH-20 and the RIA for estrone. Progesterone was
measured by ethyl acetate:hexane extraction and a specific RIA

_...........i-,- developed in Laboratory 3. Sensitivity of the assays reported by
this laboratory was 5 pg/ml for estradiol, 5 pg/ml for estrone,
300 pg/ml for estrone sulfate, and 10 ng/dl for progesterone.

Fig. 1. Measurements on specimens from a single subject. This laboratory reported interassay CVs for medium-range
quality control pools of 10.8% lbr estradiol, 9.2% for estrone,
10.5% for estrone sulfate, and 10% for progesterone.

phase bloods (including one from the black volunteer) were Laboratory3. Estradiol was measured by ethyl acetate:hexane
collected 4-6 days prior to the estimated start of next menses extraction and a double antibody RIA kit (Pantex, Santa
from five women with regular cycles (mean age, 39 years), and Monica, CA). A modification of the procedure recommended in
subsequent follow-up confirmed that menses began 4-6 days the package insert was used (16). Estrone and progesterone
after the blood was collected. The timing of the blood draws were measured directly in plasma using RIA kits from Diag-
was confirmed with the date of the subsequent menses. Five nostic Systems Laboratories (Webster, TX) without prior ex-
women had experienced natural menopause, with at least 3 traction or chromatography. Estrone sulfate was measured by
years since their last cycle (mean age, 56 years). No women ethyl acetate:hexane extraction of unconjugated estrone, fol.-
were currently taking exogenous estrogens, lowed by ovenlight hydrolysis of the sulfate-conjugated corn-

Approximately 500 ml of blood was drawn from each pounds in the aqueous phase and the RIA for estrone (8).
woman into a bag containing 750 mg EDTA, equivalent to the Sensitivity of the assays reported by this laboratory was 8 pg/ml
EDTA concentration in lavender-top vacutainers. Plasma was for estradiol. 15 pg/ml for estrone, 160 pg/ml for estrone
separated by centrifugation and stored at 4°C. Within 24 h, the sulfate, and 10ng/dl for progesterone. This laboratory reported
plasma was mixed carefully and aliqnotted into 2.5-ml portions, intra-assay CVs of 9.2% for estradiol, 7.4% for estrone, 7.5%
which were stored at -70°C. for estrone sulfate, and 7.5% for progesterone. Interassay CVs

Each participating laboratory received four batches of were 12.5% for estradiol, 7.7% for estrone, 11% Ibr estrone
samples, with one batch to be assayed at the beginning of each sulfate, and 10% for progesterone.
of 4 consecutive months. Each batch contained two aliquots Laboratory 4. Progesterone was measured using a Coat-A-
from each of the 15 subjects. The identifying numbers for the Count R/A kit (Diagnostics Production Corporation, Los An-
30 samples within each batch were assigned randomly, sepa- geles, CA), without prior extraction or chromatography. Sen-
rately for each batch. Laboratory personnel were told only sitivity of the assay, as specified in the kit documentation, was
whether a .sample was from a pre- or postmenopausal woman. 10 ng/dl. This laboratory reported an intra-assay CV for medi-
Each aliquot was assayed in duplicate. This study design is urn-range quality control pools of 8.5% 1"o1"progesterone. The
depicted in Fig. 1 for a single woman and a single laboratory, interassay CV wa_s8.3%.

Laboratory Methods. Four laboratories, two academic and Statistical Methods. Data were analyzed on the logarithmic
two commercial, recognized for their skill and experience in scale (base 10), because this transformation reduced the de-
measuring endogenous hormones, were invited to participate in pendence of the SD of the response on the mean response.
this study. Each laboratory was asked to use their standard Another rationale for this transformation is that studies of
assay procedures and to perform only those assays with which cancer associations will typically regress log relative risk on log
they had experience. The term "sensitivity" used below refers (hormone) assay levels.
to the lowest mean value that a laboratory will report for Graphs depict the grand mean overall observations for
replicate measurements. Sensitivity thus refers to a lower each study subject, the mean over aliquots and replicates for a
threshold value for reporting, subject on each of 4 days, and the mean over replicates for each
Laboratory 1. Estradiol and estrone were measured by ethyl aliquot (Figs. 2-5). From these figures one can gauge stability
acetate:hexane extraction, chromatography on celite, and spe- of assay results over time, the magnitudes of various sources of
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,yl acetate: assay variability in relation to the Variabii_!ii_iii_ _iiiill !iiiiiiiii illand the degree of concordance of resu|ts _ii[_ _!i!i!!iiiiii!!!!iiii!l!
It hydroly_ a Lab 1 I.iib 2 Lab3 : . _::::;z_.;:._, ============================================
,yl acetate: 2•6.. 2.6- 2.s- analyzing samples drawn from the same women at_::_ ii_i::!!::ii!iiiiiiiiiiii!il]

td specific "_1< time.,,Results.,,Moredetail on how to read these graph l_ g_l................._ i!iiiiii!iiiiiiiiiiiiiiiiiilj]/

S ":"_:.:i:+!,:: ::::i:;":::;ii:::?:!::iiiii!ii::::!i::::::i!ii_iiiii_::_!_i_::!:

d by ethyl ._:_ 2.4- _,_l 2.4....... :Sensitivity 2.4- ,,_'(_
.. To estimate components of variance associated wi_ !i_iiill

pg/ml for ._l ,,_,,_ iation among women (g2), variation among days of analy_i::::i
ulfate, and z2. z2- 2.2- !!!(¢r2b), variation among aiiquots on a given day (o-2D::_d II:.A •

• variation among replicate measurements tot a given aliquot_ :_: :_!:mtra-assay ,:, ,, ,. ,_A. ,.,%, _,

_ _ ('r2)' we Peff°rmed a nested ANOVA separately f°r each gr°up ? :::::ii:ii!i:i
._forestra- 2.0- 2.0- ta t_ "&ts_ 2.0- Ast._,4t • •:t
I 8.8% for i;i!_;i o_ _ _ _ of women classified by menstrual phase. Letting Yijkl denote the :: :::

,1,11% for _i!i!iiii o_ _ logarithm (base 10) of the hormone measurement for woman i
esterone. :_:i!:_:i:_:_.a- 1.e- L0- (i = 1,2, 3, 4, or 5) at analysis day j(i) (1, 2, 3, or 4), on aliquot
d by ethyl ii k(ij) (1 or 2) and replicate l(ijk) (1 or 2), we define the statisticaltadex LH- L6- .v .v 1.6- 1.6- • -'• model

,cedure of _iiiii!!iI _ _' _ ,.

t by ethyl 1._. 1.4- = _1_9 1.4-o<< _ Yljkl: /J- + al + bj0) + ck(ij)+ elfijk). (A)
,llowed by " _ variates with mean 0 and respective variances cr'_,,o-_%,_r2¢andpotmds in i:: In model A, ai. bi(i), Cko_ and ¢l(tik) are independent normal1.2 1.2

tcted with _i!ii!!!!!!ili:t.2 ,f 1, ..... t o._. ,
...... 2 3 4 I1' _ _ 4 1' _ a' _ and tt is an overall mean. Restricted maximum likelihood

on micro- . :::i::ii!iii! GranaDay Grand Day G,=_dDay estimates of the variance components were obtained using theiiii_iiii_: Mean Mean M_lln
_rone was :.iiiii:::.i SAS procedure for estimating variance components in a general
._cificRIA _ii!iiiii:i:b linear model, PROC VARCOMP (17). This procedure also
._portedby ........... Lab1 Lab2 2.3 Labs yields an estimate of the variances and covariances of the

"ii!i! : 2.3 t 2'3t

_restrone, _ x* estimated variance components. The four required ordered SAS

gesterone. 2.2 .A 2.2-1 "x 2.2- statements are: PROC VARCOMP METHOD = REML;
[urn-range _. :Z•'_t ._ .1. _. CLASSES WOMAN DAY ALIQUOT; MODEL LOG_E1 =_"2.t-I . . _.1 2.1 WOMAN DAY(WOMAN) ALIQUOT(WOMAN DAY);.

,restrone, i: _ j .. • J , "
:. _ ,. _ Under model A, the intraclass correlation between two

2.0 )m_f 2.0 _m_ )t 2.0

1 < _, j._ ,,_ . measurements on different days from a given individual is p =
tte:hexane __ _ _ _.. ,._ tr .l(¢r-, + _y-_+ tr2_ + o-_).The intraclass correlation is high
ex, Santa _._ 1.9 _.9- ,,-" _ when the variance component associated with women (tre_)

nended in _i!iii _ 1°_",_'_ '_ "_'_/2_ greatly exceeds the sum of the variance components associated
,gesterone ._ 1.8-_,,,- v, re- n "" _ lO• •
om Diag- `6 / " .,, '. h ,,,9. _•:, with the assay. Using the "3 method" (18) and estimates of the

" _ " " 1.7, •' <*' o /o,.._, variances and covariances of the estimated variance tempo-
prior ex- _ _.7 0_8_ _ -, 1.7-

a_suredby _::iiii_ g J _ nents, we obtained an estimate of the SE of iS•
rone, fol- O!i!__:_:_ _ _.0 1.e- o 1.6. Spearman rank correlations were used to estimate con-tted corn- , ..... cordance of grand mean results among laboratories.

trone (8). 1.s_t] 1.s- 1.s-
ts 8 pg/ml :_ 1._ , L4 , Results
,r estrone _:: 1.4 _' 2 3 4 1' _ a 4 _ 2 s 4 Estrone. Fig. 2a depicts the results for log(estrone) among
, reported i o,._ Day GranaDay a,,,* oar mid-fifllicular phase women• The leflmost symbols for Labo-me,7.5% Man. M.,= M..,

: ratory 1 (Fig. 2a, Lab 1) are grand means of the 4 × 2 × 2 =
ssay CVs 16 measurements of log(estrone) for each <ffthe five women.
_r estrone O C 1.7 Lab1 1.7 Lab2 1.7..alb3 Note the large differences among these women. The next col-.

Coat-A- 1._ 1 9 A:: _..t 1.6" " s,.t _ umn of symbols corresponds to the means of the 2 × 2 = 4. ., measurements for each woman on analysis day 1, and attached

,hy.L°sAn-sen. ,_ _ 1.5-_. _. _,__ _ ° '_ _ _q '_t 1.5- , a< _i ._ 1.s. ,'::_ _._ to these symbols are means of replicates for the two separate_tion,was : ,_ 1._-t _ ,.4- ,:' aliquots on that day. Fig. 2a thus allows one to assess not only

. o,,_==_ _ _.4- :_ _ variation among individuals but variation among analysis days

for medi- . 1.3 j °tt_ .*¢t_< 1.3- 1.3- for a given individual and among aliquots on a given day.

•one. The ! ,'fi, • ••.v"_•_ - Variability among replicates is not depicted. Fig. 2a also allows
0 -_ 1.2- 1.2- _4"** ._ 1.2. one to compare Laboratories I, 2, and 3 not only as to meangarithmic o= - "• •.v - levels of response, but also as to variability. The same symbols

"J 1.1- 1.1- •/_I v:,_ 1.1-

t the de- "6 . . are used to identify an individual across laboratories.
_' 1.o- 1.o- 1.o-

response. _ . . .
tudies of _:_ > o._- o.9- .- o._-

• " •_ " Fig. 2. Estrone measurements in mid-follicular phase (a), mid-luteal phase (b),
sk on log _ 0.s - 0.8- _' 0.8- andpostmenopausal(c) women.TheleftmostsymbolsforLabomtop]1(LabI)
tions for • " " aregrandmeansof the4 x 2 x '_= 16measurementsoflog(estrone)foreach0.7- 0.7- w• o.7-
ttes for a of the five women. The next column of symbols corresponds to the means of the

for each _:_ _1' 2 3 4 ' 1' 2 3 4 1' 2 3 4 2 X2 = 4 measurements for each we ...... analysis day 1, 'and attached to these
L, symbols are means of replicates for the two separate aliquots on that day. The

: stability Day Grand Day Gtana Day same symbols (*, A, W, El, O) are used to identify an individual across htbora-
Purees of Mean Milan Mean tories.
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Fig. 3. Estra_ol measurements. See Fig. 2 for details. Fig. 4. Estron¢ sulfate measurements. Se_ Fig. 2 for details.
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q_ere is little evidence for time trends in any menopausal ng/dl, which affects results for postmenopausal women (Fig.
phase (Fig. 2 a-c). Results are separated and rather consistent 5c).
across laboratories for mid-follicular women (Fig. 2a), but the The percentages of total variation attributable to variation
separation among women is less distinct for mid-luteal women among mid-follicular women (100fi) were 95.7, 92.7, 92.1, and
(Fig. 2b) and even less well defined for postmenopausal 92.4%, respectively, for Laboratories 1, 2, 3, and 4 (Table ld).
women, whose absolute values are also much lower (Fig. 2c). Corresponding percentages were 95.0, 97.4, 96.3, and 98.0%

The percentages of variation attributable to variation for mid-luteal women and 62.2, 1.8, 80.8, and 23.5% for post-
among mid-follicular women (100 _b)are 97.9, 96.5, and 97.0%, menopausal women. Except for postmenopausal women, these
respectively, for the three laboratories (Table la). These per- estimates of 100 _bhave good precision. The extremely low
centages fall to 91.2, 90.3, and 81.9%, respectively, for mid- value of 1.8% in Laboratory 2 among postmenopausal women
luteal women and to 83.6, 61.1, and 62.3% lbr postmenopausal reflects the impact of setting all values at or below 10 ng/dl to
women. The SEs indicate that the estimates of percentage of that threshold level.
variation (100 _) are known with good precision except for Correlations among ranks of subjects' means are high
Laboratories 2 and 3 in postmenopausal women, although some among all four laboratories for mid-follicular and mid-luteal
estimates of variability among women, ha, are not very precise, women, but interlaboratory correlations are poor among post-

Correlations of the ranks of the grand means are perfect menopausal women (Table 2). Laboratories 1 and 2 yielded
between Laboratories l and 2 within menstrual phase (Table 2) mean values lower than Laboratories 3 and 4 (Table 3).
and high (0.99) overall. The ranks from Laboratory 3 do not Approximate CVs. CVs are usually estimated by repeatedly

agree as well with Laboratories 1 and 2, especially among assaying samples from a single large pool of analyte and
mid-luteal and postmenopausal women, dividing the SD of the measurements by the mean value. The

The mean levels of loglo (estrone) are higher in Labora- CVs typically depend on the mean concentration in the pool,
tory 1 than in the other two Laboratories (Table 3). with larger CVs often associated with smaller mean values. The

variance of the natural logarithm of a hormone level is, by theEstradiol. 'Ilaere are no consistent time trends in these meas-
method (18), roughly the square of the CV. Because the SD

urements (Fig. 3, a-c). Mid-follicular women are fairly well
of the natural logarithm of an assay value is log_(10) = 2.303

separated (Fig. 3a), as are mid-luteal women (Fig. 3b). How- times the SD of the logarithm to the base 10 of the assay value,
ever, there are many overlapping measurements among post- we can approximate the CV (in percentage) from the data in
menopausal women (Fig. 3c), who have much lower estradiol Table 1, a-d, by
measurements than premenopausal women. A lower threshold
of sensitivity at 0.7 (assay level 100.7= 5.0 pg/ml) is seen for 100 × 2.303 × (6"2b+ 6r2_+ &2/2)1_.
Laboratory 2 among postmenopausal women (Fig. 3c).

The percentages of total variation attributable to variation For example, from Table la, the CV for estrone in mid-follic-
among women (100 _b)were 98.7, 98.4, and 98.6%, respec- ular women is approximately 100 × 2.303 × (0 + 0.0422 +
tively, for Laboratories 1, 2, and 3 for mid-follicular women (0.034)2/2) Ira = 11.1%, as in Table 4. The divisor 2 in &2/2
(Table lb). For mid-luteal women, these estimates were 96.0, arises because we are estimating the assay variability for a
97.3, and 96.2%, respectively, and for postmenopausal women, randomly selected day and aliquot based on the mean of du-
the estimates fell to 91.3, 84.9, and 41.5%. Except for post- plicate assay measurements.
menopausal women in Laboratory 3, the estimates of percent- Based on these methods, we estimate that the CVs for
age of variation (100 b) have good precision, as indicated by estrogens are near 10% for mid-follicular and mid-luteal phase
relatively small SEs. women, except that Laboratory 2 has somewhat higher CVs for

Concordance of ranks of women in a given menopausal or estrone. CVs tend to be between 11 and 20% for postmeno-
menstrual phase was high among all laboratories (Table 2), and pausal women.
perfect between Laboratories I and 2. Laboratory 3 had higher For progesterone, CVs are near 10% for mid-luteal phase
average values (Table 3). women, who have the highest progesterone levels, near 20% for
Estrone Sulfate. No definite time trends are evident (Fig. 4, mid-follicular phase women, who have the next highest pro-
a-c), although there is a suggestion of a decreasing trend in gesterone levels, and near 30% for postmenopausal women.
Laboratory 1 for some mid-luteal (Fig. 4b) and postmenopausal
(Fig. 4c) subjects. There is some overlap of measurements Discussion
among subjects in all three menstrual phases.

The percentages of total variation attributableto variation This study provides data on components of variability in estro-
gen and progesterone assay results and allows a comparison

among mid-follicular women (100_b) were 98.5, 98.1, and between biological variability among women in a given men-
93.6% respectively, forLaboratories 1, 2, and 3 (Table lc). The strualphase and other sources of variability including monthly
corresponding percentages for mid-luteal women were 96.1, variationin assay procedures, aliquot variation, and replication
96.1, and 94.6%, and for postmenopausal women the percent- error on a given aliquot and day.
ages were 90.0, 96.5, and 65.7%. Except for postmenopausai The estrogen data for mid-follicular and mid-luteal women
women in Laboratory 3, these estimates of 100 _ have good show that most of the variability (more than 90%) is due to
precision, variability among women. Even for postmenopausal women,

The ranks of the subjects' mean responses were highly amongwhom estrogen levels are much lower, the proportion of
correlated (0.90-1.00) between Laboratories 1and 2 (Table 2). variability attributable to variation among women exceeds 84%
Correlations with Laboratory 3 were lower and ranged from for estradiol and estrone sulfate (except for Laboratory 3).
0.60 to 0.80 within menstrual phases. Mean levels were signif- These data indicate that a single estrone, estradiol, or estrone
icantly different among the three laboratories (Table 3). sulfate measurement can discriminate among premenopausal
Progesterone, There are no obvious time trends (Fig. 5, a-c). women in the same menstrual phase and that a single estradiol
Laboratory 2 has a lower threshold of sensitivity of 101° = 10 or estrone sulfate measurement can discriminate among post-
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omen (Fig. ii!i!i}[ii!i}iTable I Estimated square roots of variance components and percentage of variation for logarithms (base I0) of estrone (a), ostradiol (b), e_:::_::_=_::i_[i::iii::i::i::i::iii::iii::ili::i::i::i:ili::i::i::i::ii
::iiiii::_!iiii_ progesterone (d)

to variation _!:!:!_!_!_: La_,ato_,l 3 .... ,.  :.    iliiiii i i i i,i,i] iiiiiiiiiii  il/
Square toot of % variation Square root of : :r: :i:!:.!ii[_::[ii[ii::_i_i_i_::!iii[i_[[::_::[ii[[_i_[_i_

(Table ld). :::!!i::::!i!::i:: _n,npo.ent.... pop,ms (SE) 4sin (SE) i!i_ill]
and 98.0% ::?i:?.i:i::: (s_) (s_) (sEI (se) !_::i.i::i::ii:::_i!i:;iii_i_i_:iiii!_i:::::::::::::::.
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% for post .... !:_:_:!:i:_: "' t°g(_tr°ne)_ : ::_i:i_i::_:::/:::
tmen, these _::.::.!.::i! Mid-fouieal_r_se women :::::: : :::.ii:.i::i::::::::::::::::

'emely low :_:_:_:_?_::::subject (_ra,) 0.366 (0.130) 97.9 (1.5) 0.446 (0.159) 96.512.5) 0.327 (o.I 16) 97.0 (2.2) : : :: : .i
:iiiiii:.iiii![ Analyals day (O210 0 0.0 0.06010.0141 1.8 0.029 (0.010) 0.8 : ::: :

sal women :::::i!::::':!i::_i_.,, quot or2c) 0.062(0.007) 1.3 0.017(0.0211 0.1 0.(116(0.0161 0.2 :: :
l 0 ng/dl to ............ 0.9 11.047(o.oos_ 2.0:i:[:i:[:_:i:i Repl e_tion (o2) 0.034 (0.004) 0.057 (0.006) 1.6

_iiiiiiii!i!:_i_-,o(_l_h.......
s are high _:_:_:_:_:_:_::::::::::::::..........Subject (O2,) 0.171 (0.060 91.216.0) 0.198(0.0711 90.3(6.8) 0.143(0.0521 8 9(11.21

mid-luteal _:::::_ AnMysis day (O'2b) 0 0.0 0.051 (0.0121 5.9 0.033 (0.0131 4.4
iiii::iiiii!ii Aliquot (cr2c) 0.038 (0.007) 4.5 0.028 (0.007l 1.8 0.029 (0.013) 3.4:..,......

nong post- ::::_::::_i<Replication (¢r_) 0.037 (0.0041 4.4 0.029 (0.003) 2.0 0.051 (0.006) 10.3

2 yielded l_:i_!i::::....... postmenolmmal womeart

e 3). :i[ilJ_iJl: Subject (O2=) 0,132 (0.048) 83.6(10.2) 0.20040.080) 61.1(20.5) 0.100(0.038) 62.3(188)
:ii::i::i::iii::iI: Analysis day (o'2b) 0.023 (0.012) 2.6 0.127 10.11291 .9.4.3 0.041 (0.0161 10.3

repeatedly ii!i!ilili Allq_ot(oh 0.024(0.0131 2.7 0.07710.0161 8.9 o.on5(0.0121 12.3
0alyte and iiii!i!ii:;: Replication (o"2) 0,048 (0,005) 11.i 0.061 (0.007) 5.7 0,049 (0.006) 15.1

value. The _ilili!iii: _. tog(estr_diol)c
:::::::::::

1 the pool, ::::i_::i? Mid-foUicular phase women

,a_,_.T_e :_:_iiii_i:_6i._,(:., 0.450(0,,o) 9_7(0.910.430(0152)984,,2) 0.369,0,3,)98.6(1111
I is, by the :_;:_;;: Analysis day (o2n) 0 0.0 0.029 (0.011) 0.5 0,020 (0,010) 0.3

;_;i:_: Aliquot (trz¢) 0.039 (0.006) 0.7 0.034 (0,008) 0.6 0.026 (11.1_'7) 0.5

18e the SD _i::::::iii Replication (O21 0,033 (0.004) 0.5 0,031 10.0031 0.5 0.029 (0.003) 0.6
I) = 2.303 :!!iii: Mid-lutead phn.....

,s yva uo, i:i!:i s 6 eo(,o2.)0.26410.0 4196.0(2.9)0.24210.=61 .312.010.  210.0791 .,2.71Analysis day (o'2b) 0.034 (0.0l I) 1.6 0.(Y29 (0.007) 1.4 0,021 (0.0081 0.9

he data in ;;_ Aliquot (O2_) 0.035 (0.007) 1.7 0.021 (0,005) 0.7 0.013 10,0121 0.3•::_i::?

_:i_!i:: Replication (o 2) 0.024 (0.003) 0.8 0.019 (0.002) 0.6 0.036 (0.004) 2.6:::::::

i::::i Postmenopausal women
Subject (o-z=) 0.229 (0.082) 91.3 (5.9) 0.174 (0.062) 84.9 (9.51 0.069 (0.029) 41.5 (22.0)

ili[i Armlysis day Io_) II 0,0 0.022 (11.0201; 1.4 0.045 (0.017' 18.1

: ::!::]ii: Aliquot (O2¢) 0,060 (0.(X)91 6.3 0.1136 (0.015) 3.6 0.052 (0.0111 23.8
nid-follie- :_ Replication (o _) 0.036 '0.004) 2.3 0,060 (0,007) 10.1 0.043 (0.0051 16.5
0.0422 +
2 in b_/2 _.log(estronesulfate) d

[lity for a Mid-follicular phasewomen
Subjoct (O2_) 0,356 10,1261 98.5 (1.1) 0,326 (0.116) 98.1 11.41 0.216 (0.077) 93.6 14.5_

•an of du- :_:_ Analysis day (a2n) 0,016(0.011) 0.2 0,022(0.0101 0.5 0.02810.0131 1.6
_':] ?i Aliquot (o2cl 0.023 (0.008) 0.4 0,033 (0,006) 1.0 0.040 (0,008) 3.3

: CVs for :i:. Replication (o 2) 0.034 (0.0041 0.9 0.022 (0.003) 0,4 0,027 (0.003) 1.5

teal phase . i! Mid-luteal ph .....

,'r CVs for i Subjcct (O2=) 0.264 (0.094) 96.1 (2.8) 0.215 (0,076) 96.142.8) 0.194 (0.069) 94.6 (3.8)
Analysis day (tr2_) 0,029 (0.01 I) 1.2 0.029 (0.008) 1.7 0,015 0.015) 0.6

)ostl_eno- _: Aliquot (o-2=) 0.034 (0.0071 1.6 0.018 (0.0061 0.7 0.035 (0.007) 3.1

RepLication (_r2) 0.028 (0.0031 1.1 0.026 (0.003) 1.5 0.027 (0.0031 1,8
ii

teal phase : Postme_opau_l women

¢ 20%for Subject (o2a) 0,282 (0,101) 90.0 (6.8) 0.198 (0,070) 96.5 (2.5) 0,09110.035) 6.5.7 (18.61
: Analysis day (a_b) 0.061 (0.017) 4.3 0.006 (0.024) 0.1 0.044 (0.013) 15.4

,hest pro- a Aliquot (O2c) 0,037 (0.0151 1.5 0.031 (0.006) 2.3 0.641 (0.008) 13.4
women. Replication (o2) 0.062 (0.007) 4.3 0.021 (0.(X)21 1.I 0,026 (0.0031 5.5

d. lo#pmgcsterone) _:

Mid-follicular phase women

_, Subject (o2=) 0.38610.1371 95.713.11 0.357(0.1281 92.7(5.3) 0.31510.112) 92.1(5.4) 0.344(0.1241 92.4(5.6)
, in estro- Analysis day (o291 0.015 (0.050) 0.1 0.083 (0.018) 5.0 0.034 (0.fl19) 1.0 0.092 (0.0181 6.7

,mparison Aliquot (o2_) 0.073 (0.013) 3.5 0.038 (0.0101 1.0 0.1112(0.061) 0.1 0.031 (0.005) 0.8
Replicadtm (tr _) 0.034 (0.004) 0.7 0.041 (0.005) 1.2 0.085 (0.0101 6.7 0.013 (0.0011 0.1yen men-

Midquteal phase women

', monthly Subjoct (O2_) 0.252 (0.090) 95.0 (3.6) 0.286 (0.102) 97.4 (1.9) 0.235 (0.0R4) 96.3 (2.7) 0.236 (0.0841 98.0 41.5)

_plication _ Analysis day (o2D 0.03(I (0.013) 1.4 0.022 (0.0121 0.6 0.031 10.0081 1.7 0.027 (0.006) 1.3
: Aliquot (O2D 0.039 (0.008) 2.3 0.039 (0.007) 1.8 0,021 40.006) 0.7 0.011 (0.004) 0.2

tl women geolieatitm (o21 0.030 (0.003) 1.4 0.014 (0.002) 0.2 0.027 (0.003) 1.3 0.017 (0.002) 0.5
Postmenopausal women

is due to Subject (o-20 0.203 (0.078) 62.2 ('19.01 0,012 (0,055) 1.8 (17.21 0,302 10,109) 80.8 (11.6} 0.079 (0.050) 23.5 (24.6)

women, _ Analysis day (o2b) 0.691 (0.031) 12.5 0.073 (0.0151 71.1 0.000 0.0 0.130 (0.0"261 63.4

_ortionof Aliquot (°'2¢) 0.083(0.024) 10.5 0.030 (0.00_) 12.3 0.108 (0.019) 10.3 0.055 (0.009) 11,2

_.eds84% Replication (o =) 0.099 (0.011 ) 14.8 0,033 (0,004) 14.8 0.100 (0.011) 8.8 0.022 (0.002) 1.9

atory 3). "Percentageof variationis 100 timestheratio of a given variancecomponentto the sum of the variancecomponents.
_'Units are logto(estrone), where estrone is in pg/ml.

r estrone ff * Units are logm(estradiol ), where estradiol is in pg/ml.

nopausal "units are logm(estrone sulfate), where estrone sulfate is in pg/ml.
estradiol " Unit_ are logto(progestemne), where progesterone is in ng/dl.

ing post- "An entire aliquot was missing for one individual. Missing values were estimated by least squares, and degrees of freedom were adjusted.
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Table 2 Spearman correlations among file ranks of the grand mean assay values for women in various menstrual phases a !!i ili_

Laboratory 2 Laboratory 3 Laboratory 4

Estrone Estradiol Estrone sulfate Progesterone Estrone Estradiol Estronc sulfate Progesterone Progesterone

Mid-follicular

Laburatory 1 1.00 1.00 1.00 1.00 1.00 1.00 0.80 0.80 1.00

Laboratory 2 1.00 1.00 0.80 0.80 1.00
Laboratory 3 0.80

Mid-luteal

Laboratory I 1.00 1.00 0.90 1.00 0.60 1.00 0.60 1.00 I.I)0

Laboratory 2 0.60 1.00 0.70 1.00 1.00

Laboratory 1.00
Postmenopausal

Laboratory 1 1.00 I.O0 1.00 0.82 0.70 0.90 0.70 0.70 0.50
l_aboratory 2 0.70 0.90 0.70 0.41 0.67

LaboratoD' 3 0.60
All Women

Laboratory 1 0.989 0.996 0.989 0.990 0.925 0.996 0.943 0.918 0.979
Laboratory 2 0.99-5 0.996 0.943 0.899 0.988

Laboratory 3 0.914

° All correlations above 0.90 are significant at the P < 0.05 level. _i

Table 3 Comparisons among laboratories"

Laboratory 1 Laboratory 2 Laboratory 3 Laboratory 4 Two-sided signed rank P [i

log(estrone) (laboratory vs. laboratory)
Mean 1.732 1.660 1.658 1 vs. 2, 0.004

1 vs. 3, 0.048

2 vs. 3, 0.600 _:
Correlations 1.0 0.994 b 0.921 _'

1.0 0.906 b

1.0

log(estradiol)

Mean 1.687 1.698 1.907 1 vs. 2, 0.5250

1 _,'s,3, 0.0001

2 vs. 3, 0.0001
Correlations 1.0 0.998 s 0.993 b

1.0 0.996 I"
1.0

log(estrone sulfate)

Mean 2.899 3.036 3.340 1 vs. 2, 0.0001
1 vs. 3, 0.0001
2 vs. 3, 0.0001

Correlations 1.0 0.995 b 0.962 e

1.0 0.973 j'
1.0

log(progesterone)

Mean 1.846 1.836 2.017 2.013 1 _.'s.2, 0.229
1 vs. 3, 0.107

1 vs. 4, 0.000

2 vs. 3, 0.000
2 vs.4, 0.000

3 vs. 4, 0,679
Correlations 1.0 0.98_ 0.972 b 0.99'2.b

1.0 0.975 t' 0.996 e
1.0 0.973 t'

1.0

These comparisons are based on the grand means of all values of the log (assay) for each of 15 women. The grand means and correlations of these grand means are shown.
t, Indicates P < 0.001.

menopausal women. The estrone data from Laboratories 2 and Progesterone measurements are also quite reliable for dis-
3 are not as promising for postmenopausal women, although, criminating among women in the mid-follicular and mid-luteal
for Laboratory !, 84% of the variability was attributable to phases of the menstrual cycle, with more than 90% of the
variation among women. Thus, the estrogen assay performance variability attributable to variation among women. For post-
is good enough to add useful epidemiological information menopausal women, whose progesterone values are lower, the
above that provided by menopausal status and menstrual phase, percentage of variation attributable to variation among women
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iiiiliiiiiiiii!iiiii" Table4 ApproximateCVs (in percentages) SF_,sin Table 1, a-d, for postmenopausal women. To estimate
l.aboratorv,1 -- _ p more accurately and precisely, larger numbers of randomly

.... ":-- _iiiiiiiiiiiiiiiiii: Laboratory selected women in each menstrual class would need to be
Progesterone _ -7 T 3 4 studied, or external information on assay variation among

:::::::::::::::::::::::::::::::Estrone women in each menstrual phase could be used. To estimate p
1.00 ::::::::::::::::::::::::::::Mid-follicular 11.1 17.1 10.S precisely, one needs a more precise estimate of the variability

1.00 _!iiiiiiii:i :: Mid-luteal 10,6 14•2 13.1 among women, 0",2, than cml be obtained from the study of only
0.80 :!:!iiiiiiiil;iiiiiiii?:: Postmenopau_l 10.9 35.6 16.1 a few women• For postmenopausal women, we compared re.-

:i!iiiiiiiiilli!ii::i Estradiol sults in Table 1, a and b with published data for estrone and
1.00 :: iii!iiiii:: Mid-follicular 11).5 11.5 8.9 estradiol, with care taken to translate results in the literature to

1.00 i!iiiiiiiiiii!iiiiilMid-tuteal 11.9 8.8 8.2 estimates of 0.a2 appropriate to logarithmic measurements (base
1.00 _iiiiiiiiii!!iliiiillpostmenopausal 15.0 13.8 17.3 10). For estrone, the value 0._ = 0.171: = 0.029 from Labo-

!i iil Estr°ne sulfate ratory 1 (Table Ia) is very near the average laboratory estimate,

0.50 i Mid-follicular 8.5 9.8 12.1

0.67 Mid.luteal 11.3 8.9 9.8 0.027, derived from Table I in Hankinson et al. (2). We
0.60 calculated the corresponding estimate from the data in Table 2:::::::::::::::::::::: Postmcnopausal 19.3 8.0 14.5

:_iliiiil;::ii;ii_ii:::Progesterone of Cauley et al. (20)as { 11.92/[29.92 × In2(10)] } x 0.836 --

0•979 i Mid-follicular 18.0 22.1 16.1 22.5 0.025• This formula is based on the 6 method approximation0.988 Mid-luteal 12.3 10.6 9.7 7.3 (18) tO the variance of Iog_o (estrone), and the factor 0.8360.914

...... i::_::::iii:::'iii::iii::iili Post-menopausal 32.6 19.0 29.7 32.7 (from our Table la) was used to convert the total variance of an

_!i!iiiiiiiiiiii!i::ivaluesshownare 100 × loK.(10)(_'zb �t)'2c+ 6"2/2)''u. Scetext forexplanation observation to 0.a2. The 176 postmenopausal women in the
:!ii::::i::iiii::::::::ii::iiof relationtotheCV, study of Cauley et al. (20) were white inhabitants of the

metropolitan Pittsburgh area who were participating in a clin-

...... iiiiiiii!i!ii!i!:I ical trial to evaluate the effect of walking on postmenopausal:::::::::::::::5::

_edrank p '_iiiiiii!i!i!: bone loss. These results suggest, if anything, that estimates of
..... :!_i:ili_ii:_i_:_was 62% for Laboratory 1 and 81% for Laboratory 3, suggest- cr_2 for Laboratory I may be slightly too small, and that

laboratory) ..................!::iiiii::ii_!!i:ing that more than one measurement might be useful to dis- estimates of p for Laboratory 1 should be higher for postmeno-
_.0o4 :_i_!_i_i_::_criminate among postmenopausal women. The sensitivity pausal women• For log_o (estradiol), the result 6"_2 = 0•053 for
,.o48 iii::iiiiiiiithreshold of 10 ng/dl used by Laboratories 2 and 4 affected Laboratory. 1 might be compared to derived estimates 0.071,

_.600 _iiiiiiiiiiii!::;iiiii::i: many measurements and severely limited the ability to discrim- 0.036, and 0.063, respectively, from Refs. 2, 21, and 20. The
::::ii!!!!!:!_:inate among postmenopausal women, latter estimate is probably too small, because 52% of the ob-

i::iiii!ii!iiiii::i:!:i:!:i:i: We have emphasized that because hormone levels vary servations were set to a lower threshold of sensitivity, 2.5
:::_iiii:::::_:::: widely among women, compared to laboratory error, it is pos- pg/ml, when a value fell below threshold. The data from Ref. 21

5250 _::::ii::iiiii.:_:::_:_:_:_:_:isible to rank women reliably, in most cases, even within the may have been truncated at the sensitivity threshold of 10
0001 ::::iiiiiiiii::_ same menstrual phase. Estimates of CVs indicate, however, that pg/ml, accounting for the smaller estinaate of o-, 2 found• Thus,
0o01 :iiiiiiii:::::_:!:_:_:;:_:::the laboratory component of variation can be large, compared again, we take these data as indicating that estimates of p for

: !i::i!i::i!i:::I to mean assay levels, especially among postmenopausal women Laboratory I in Table lb are, if anything, somewhat too small.
_iliiii::!: with relatively low hormone levels (Table 4). Additional studies of this type in randomly selected women
i:!:iii::i::ii!: The percentage of total variability attributable to variation would be useful to obtain more accurate and precise estimates

)001 .............among women is 100 times the estimated intraclass correlation of p.

1001 iii!i!iiiil: P = o-za/(0.2_ + 0.2b + o'2¢ + 0"2)• The intraclass con'elation is In principle, one can learn from analyses of components of
_OOl _iiiiii animportantindicationoftheeffectofassaymeasurementerror variance (Table 1, a-d) how to efficiently allocate effort to

i::i:::i:!I on study results. One can compare a study with a single meas- increase the reproducibility of study results. For example, if

: !iiiii!i: urement on each subject to a study with a large number of there were much more variation among aliquots than among

i :i::!!ii! measurements on each subject (many days, aliquots, and rep- replicates or days, one would increase the number of aliquots

-_29 e;:i!iill: licates) in terms of p. Regression analyses relating the log used per subject. However, given the limited precision of our
_07 ii iiill: relative risk of disease to the log hormone assay level will tend results and the relatively small variability in assay performance,
_00 to be attenuated by the factor p in the former study, compared compared to interindividual variation, we do not plan to pursue
r_0 :i:_ to the latter study (19). The number of subjects in the former this idea•

' study needed to have an equivalent power to detect an associ- The estimated components of variance in Table I can also

i79_°° _::::::......... ation as in the latter study is lip times as great as the number be used to plan case-control studies. One can determine the

::::::i of subjects in the latter study. With p greater than 0•90. there is sample sizes needed to reliably detect a given difference, 6, in

:_: little attenuation, and a single measurement per woman pro- hormone levels between cases and controls, or, alternatively, to
: _:_::: vides nearly the same information as many measurements per calculate the minimum difference that is reliably detectable
_':_:::_: woman, with a fixed number of cases and controls. For a two-sided t_ =

_ansaresbo_. _:::::::: There were some variations in the mean assay levels 0•05 level test, the minimum difference detectable with power
i : among these laboratories (Table 3), but the correlations of 0.9 is the solution to
::_: rankings of mean subjects' results among laboratories were
_:i i good, especially between Laboratories 1 and 2. ,52 ---- (cr_ + 0._ -I- 0._: + 0._/2)

Laboratory 1 exhibited relatively high intraclass correla- (B)

tble for dis- tions for all assays and menstrual pha.se,s, and Laboratory 2 also × (I/n, + lln_) x (1.96-_-1.2827

Imid-luteal i yielded high intraclass correlations except for progesterone where nt is the number of cases, n_ is the number of controls,10% of the

For post- _ assays in postmenopausal women, whose values often fell be- Z,_ = 1.96 is the 97.51h percentile of the standard normal
• _ ' low a sensitivity threshold, distribution, and Zts = 1•282 is the 90th percentile• The quantity
: lower, the if: The estimated values of p are subject to systematic and t&/2 is used for an experiment in which assay measurements on

_ng women ::::::i: random uncertainty, the latter reflected in the relatively large the same aliquot will be performed in duplicate. For example,

:,;_:ii!ii!iiii!_
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This is because the biological component of variability, repre- estrogen production in obese men. J. Clin. Endocriool. & Metab., 48: 633-638,
sented by b2_, is smallest in postmenopausal women. 1979.
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